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The Outline of the Biology Revolution
• There will be many many genomes sequenced.
• Comparative analysis is key to improved genome

annotation (assignment of function to genes).
• Evolution is the basis for gaining insight from

comparative analysis.
• Advances in computing has made the advent of

rigorous systems biology possible.
• Computing will enable biology to become a true theory

driven predictive science.
• Strong theory and computing capability will enable the

design and engineering of biological systems.



Growth in the Number of Genome Sequences

From NCBI website



Sequencing the Bergey’s Manual
• Argonne and DOE’s JGI are

in discussions to launch a
project to sequence all of the
Bergey’s Manual (all
culturable prokaryotic
organisms)

• 4900 taxa
• $10M per year for about five

years
• Motivating the high-

throughput annotation of
genomes (~24 hours
turnaround time)
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Why Is Computational Biology Important to Me?

• Safe and abundant food supplies
• Natural insecticides from Photorhabdus luminescens

• Sustainable and benign energy sources
• Cellulose to Butanol from Clostridium acetobutylicum

• Effective management of disease and aging
• New antimicrobial drugs targets from in silico modeling

• Novel materials and renewable industrial feedstocks
• Biological production of Hydrogen from biomass

• Advanced computational devices beyond silicon
• Synthetic biological circuits

• Wide variety of molecular scale machinery
• Proton powered rotary motors and ion pumps

• Self-assembly and self-reproduction technologies
• Self perpetuating and environmentally friendly infrastructure



http://www.iogen.com



Microbial Organisms are Important to Study

• Extremely Diverse Metabolisms
• Window on Biodiversity
• Ancient Origins
• Foundation of the Biosphere
• Agents of Symbiogenesis
• Infectious Disease
• Human Microbiota and Metagenomes
• Complex Community Structures
• Industrial and Agricultural Applications
• Biotechnology Applications
• Biofuels and Alternative Feed stocks
• Inexpensive and Experimentally Tractable

Beggiatoa, which lives in sulfurous
environments, gets its energy by
oxidizing H2S and can fix carbon
even in the dark. Note the yellow
deposits of sulfur inside the cells.
(Courtesy of Ralph W. Wolfe.)



Synechocystis
3356 Genes

    925 Pathways



Environment

Reverse Engineering Living Systems: Reverse Engineering Living Systems: 
Genome + Environment = PhenotypeGenome + Environment = Phenotype

Transcription

Translation

Proteins

Biochemical Circuitry

Phenotypes (Traits)

DNA (storage)

Gene Expression

Metabolomics

Proteomic
s

Adapted From Bruno Sobral VBI



Genes → Proteins → Cell Networks → Cells →
Populations → Communities → Ecosystems



Deep Motivating Problems
• Understanding the Evolution of

Cellular Functions and the Role of
Symbiogenesis

• Developing the Concept of
Minimum Organisms as a Platform
for Bioengineering

• Resolving Details of the Last
Universal Common Ancestor(s)

• Designing Hypothetical RNA
World Organisms

• Developing Quantitative
Understanding of “Possible
Biologies”



Looking for LUCA



Genome Size v. Protein Family (Function)

Erik van Nimwegen 
Center for Studies in Physics and Biology, the Rockefeller University, 1230 York Avenue, New York, NY 12001, USA 
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Complex Bacterial Life Cycles

From Lynn Margulis and Karlene Schwartz





E. coli

Myxococcus sp.

Buchnera sp.

How small
can a
functional
microbial
genome be ?



Nanoarchaeum equitans



In Quest of
the Minimum Genome

• What are the Smallest number of
genes needed to create a viable
organism?
• Free living on a rich, but defined

culture medium
• Experimentally determined

essential genes
• Bacillus subtilis ~300 CDS
• Escherichia coli ~400 CDS

• Reduced organisms in nature
• Mycoplasma ~500
• Nanoarchaea ~400

• Bioinformatics predicts a
conserved core
• ~200-400 CDS



Bacillus subtilis



Model of Bacillus subtilis Essential Core
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one on the left



Large-Scale Computing and
the Hunt for Horizontal Gene Transfer
• Organismal Trees

• 16S rRNA subunit
• Consensus trees from multiple genes

• Gene Trees
• Phylogeny for ~1000 most conserved genes x ~200 organisms
• Core metabolism (TCA, EMP, PPP), DNA replication and repair, nucleotide

synthesis, amino acid biosynthesis, etc.
• Operon Trees

• Phylogeny for ~50 more conserved operons (gene clusters)
• Reconciliation

• Sorting events, co-speciation, duplication, horizontal transfer
• About 1 million reconciled trees will be generated



 

 



Network
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The Chicago Systems Biology Infrastructure
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Peer-to-Peer Bioinformatics
the prototype SEED
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Subsystems and The SEED



Functional Roles 

Succinyl-CoA synthetase beta chain (EC 6.2.1.5)sucC9

Succinyl-CoA synthetase alpha chain (EC 6.2.1.5)sucD8

Dihydrolipoamide dehydrogenase (EC 1.8.1.4)lpdA7

2-oxoglutarate dehydrogenase E2 component (EC 2.3.1.61)sucB6

2-oxoglutarate dehydrogenase E1 component (EC 1.2.4.2)sucA5

Isocitrate dehydrogenase (EC 1.1.1.42)icd4

Aconitate hydratase (EC 4.2.1.3)acnA3

Aconitate hydratase 2 (EC 4.2.1.3)acnB2

Citrate synthase (EC 2.3.3.1)gltA1

Functional RoleAbrCol

Functional Roles and Reaction Sets

&

&

Reactions in the context of the pathway should be associated with each
functional gene annotation



Subsystems to Reaction Networks
The reactions that are associated with an organism are combined to form a

network based on the subsystems



∼200 Subsystems Currently Under Development

ABC transporter alkylphosphonate (TC 3.A.1.9.1)
ABC transporter arabinose (TC 3.A.1.2.2)
ABC transporter branched-chain amino acid (TC 3.A.1.4.1)
ABC transporter dipeptide (TC 3.A.1.5.2)
ABC transporter ferric enterobactin (TC 3.A.1.14.2)
ABC transporter ferrichrome (TC 3.A.1.14.3)
ABC transporter galactose (TC 3.A.1.2.3)
ABC transporter glutamate aspartate (TC 3.A.1.3.4)
ABC transporter glutamine (TC 3.A.1.3.2)
ABC transporter glycerol (TC 3.A.1.1.3)
ABC transporter heme (TC3.A.1.107.1)
ABC transporter histidine lysine arginine ornithine (TC 3.A.1.3.1)
ABC transporter iron(III) dicitrate (TC 3.A.1.14.1)
ABC transporter L-proline glycine betaine (TC 3.A.1.12.1)
ABC transporter macrolide
ABC transporter maltose
ABC transporter molybdenum (TC 3.A.1.8.1)
ABC transporter nickel (TC 3.A.1.5.3)
ABC transporter oligopeptide (TC 3.A.1.5.1)
ABC transporter peptide (TC 3.A.1.5.5)
ABC transporter phosphate (TC 3.A.1.7.1)
ABC transporter polyamine putrescine spermidine (TC 3.A.1.11.1)
ABC transporter putrescine (TC 3.A.1.11.2)
ABC transporter ribose (TC 3.A.1.2.1)
Acetogenesis_from_Pyruvate
Adhesion_to_eukaryotic_cell
Aerobic_respiratory_dehydrogenases
Alanine_Biosynthesis
Allantoin_degradation
Ammonia_assimilation
Anaerobic_respiratory_dehydrogenases
Anaerobic_respiratory_reductases
Arginine_Biosynthesis
Arginine_degradation
Asp-Glu-tRNA(Asn-Gln)_transamidation
Bacterial_Cell_Division
Betaine_biosynthesis
Bilin_Biosynthesis
Biotin_biosynthesis
Calvin-Benson_cycle
carnitine_metabolism
Carotenoids
Chaperones
Chlorophyll_Biosynthesis
Chorismate_Synthesis
CMP-N-acetylneuraminate_Biosynthesis
Coenzyme_A_Biosynthesis
Cyanobacterial_Circadian_Clock
Cyanobacterial_CO2_uptake
Cyanophycin_metabolism
cysteine_biosynthesis
Cytochrome_B6-F_complex
Cytolethal_distending_toxin_of_Campylobacter_jejuni
D-arabinose_degradation
D-galactarate_degradation
D-galacturonate_degradation
D-glucarate_degradation
De_Novo_Purine_Biosynthesis
De_Novo_Pyrimidine_Synthesis
Denitrification
DNA-replication
DNA_Repair_Base_Excision
dTDP-rhamnose_synthesis
Embden-Meyerhof_and_Gluconeogenesis
Enterobactin_biosynthesis
Entner-Doudoroff_Pathway
F0F1-type_ATP_synthase

Pterin_biosynthesis
purine_conversions
purine_conversions_2 
Putrescine_and_4-aminobutyrate_degradation
pyrimidine_conversions
Pyruvate,_PEP_and_Acetyl-CoA_(anaplerotic_reactions)
Pyruvate_Alanine_Serine_Interconversions
Queuosine
Resistance_to_fluoroquinolones
Riboflavin_metabolism
Ribonucleotide_reduction
Ribosome_biogenesis_bacterial
Ribosome_LSU_bacterial
Ribosome_LSU_eukaryotic_and_archaeal
Ribosome_SSU_bacterial
Ribosome_SSU_chloroplast
Ribosome_SSU_eukaryotic_and_archaeal
RNA_polymerase_archaeal
RNA_polymerase_archaeal_initiation_factors
RNA_polymerase_bacterial
RNA_polymerase_chloroplast
RNA_polymerase_I
RNA_polymerase_II
RNA_polymerase_II_initiation_factors
RNA_polymerase_III
Serine_Biosynthesis
Soluble_cytochromes_and_functionally_related_electron_carriers
Succinate__dehydrogenase
Sucrose_Metabolism
Sulfate_assimilation
Sulfur_Metabolism
superpathway_of_fucose_and_rhamnose_degradation
superpathway_of_glutamate,_aspartate,_asparagine_biosynthisis
superpathway_of_hexitol_degradation
superpathway_of_ribose_and_deoxyribose_phosphate_metabolism
TCA_Cycle
Terminal_cytochrome__oxidases
Terminal_cytochrome_C_oxidases
Thermotoga_Alanine_Biosynthesis
Thiamin_biosynthesis
Threonine_synthesis
Threonine_to_Isoleucine
Tocopherol_Biosynthesis
Transcription_factors_archaeal
Transcription_factors_bacterial
Translation_elongation_factors_eukaryotic_and_archaeal
Translation_factors_bacterial
Translation_initiation_factors_eukaryotic_and_archaeal
Transport_of_Nickel_and_Cobalt
Trehalose_biosynthesis
Tricarballylate_Utilization
tRNA_aminoacylation
tRNA_processing
tRNA_splicing
Trp_Synthesis
Type_II_secretion_system
Type_III_secretion_system
Type_IV_secretion_system
Tyrosine_synthesis
Ubiquinone_Biosynthesis
Ubiquinone_Menaquinone-cytochrome_c_reductase_complexes
UDP-N-acetylmuramate_from_Fructose-6-phosphate_Biosynthesis
Urea_decomposition
V-Type_ATP_synthaase

Fatty_Acid_Biosynthesis_FASII
fatty_acid_metabolism
fatty_acid_oxidation_pathway
Fe-S_cluster_assembly
Flagellum
FMN_and_FAD_biosynthesis
Folate_biosynthesis
Formate_hydrogenase
Fructose_and_Mannose_metabolism
Fumarate_reductase
Galactitol_degradation
Galactose_degradation
General_secretory_pathway_(Sec-SRP)_complex_(TC_3.A.5.1.1)
Glutamate_biosynthesis
Glutathione_Redox_Metabolism
Glycerol_Metabolism
Glycerolipid_metabolism
Glycine_synthesis
glyoxylate_degradation
Glyoxylate_Synthesis
GroEL_GroES
Histidine_Biosynthesis
Histidine_Degradation
HMG_CoA_Synthesis
Inorganic_Sulfur_Assimilation
Inositol_catabolism_by_VV
Iron_Aquisition
Isoprenoid_Biosynthesis
Ketogluconate_metabolism
L-ascorbate_degradation
Lactose_degradation
Leucine_Degradation_and_HMG-CoA_Metabolism
Leucine_synthesis
Lysine_Biosynthesis_DAP_Pathway
Mannose-sensitive_hemagglutinin_type_4_pilus
Mannose_and_fructose__metabolism
mannose_and_GDP-mannose_metabolism
Menaquinone_and_Phylloquinone_Biosynthesis
Methanogenesis
Methionine_Biosynthesis
Methionine_Metabolism
Methylcitrate_cycle
N-Acetyl-D-Glucosamine_Utilization
N-linked_Glycosylation_in_Bacteria
NAD_and_NADP_cofactor_biosynthesis_global
NADH-quinone_oxidoreductase_(Complex__I)
NADH-ubiquinone_oxidoreductase_(Complex_I)
Nitrate,nitrite,_nitrous_oxide_reductases
Nitrate_and_Nitrite_Reduction
Nitrate_Assimilation
Nitrite_Reduction
Nitrosative_stress
P-type_ATPase_transporter_potassium_(TC_3.A.3.7.1)
Pentose_phosphate_pathway_(SG)
Peptidoglycan_Biosynthesis
Phenylalanine_synthesis
Photosystem_I
Photosystem_II
Phycobilisome
Plastoquinone_Biosynthesis
Polyamine_Metabolism
Porphyrin,_Heme,_and_Siroheme_Biosynthesis
ppGpp_biosynthesis
Proline_Synthesis
Propionate_Catabolism_via_2-Methylcitrate_Cycle
Proteasome_archaeal
Proteasome_eukaryotic



Source: EcoCyc







Model Generation From Databases
Database 
Tables

Genes

Roles

Ecs and TCs

Reactions

Compounds

Locations and Compartments

Constraints

Objective Functions

Flux Balance Models
• Mathematica
• Octave
• GAMS

Kinetics

Stochastic Models
• StochSim
• Stock 2

Interactions

Kinetics Models
• e-Cell
• SBML/mathML

Logical Models
• Mathematica
• Prolog

Cis regions

Regulons

Simulation 
Environments

Mass and Charge 
Balance Equations

Reaction Rate Equations

Protein Interaction networks

Boundary Fluxes

Regulatory Networks

Organizational Structures

Model Cores

Signaling Networks



Genotype →
Phenotype



Buchnera aphidcola sp.

100 copies of the genome per cell, lacks cell defense genes









From
KEGG





Drug Discovery Workflow {new antibiotics}

1. Identify genes/protein targets from the literature
Known antibiotic targets and Known antibiotic resistance factors
Essential genes and Virulence Associated factors

2. Determine functional role of each target
Comparative analysis (cluster analysis, subsystem reconstruction)

3. Search for known inhibitors of each target
Literature mining and Computational screening (see step 8)

4. Determine degree of conservation across species
Phylogeny and sequence alignment
Characterization of the active site
Early screen in human and model systems

5. Determine structure of each target (PDB, computation)
Database search/similarity and structural modeling

6. Determine active site of each target
Computational analysis of each structure

7. Determine drugability of each target
Size of pocket, number of pockets

8. Screening of compounds for binding affinity etc.
Computational and high-throughput experiments

9. Toxicity screening in human and model systems
Computational and high-throughput experiments





Random 200,000 Compounds

100,000 Best Candidates from
10,000,000 screened In silico
for comparable cost

The Economics of in silico Screening



IBM’s Blue Gene Supercomputer

Worlds fastest
Supercomputer
280 TeraFLOPS



Petascale Biological Computations
• Searching for new antibiotics

• 300 essential-gene-products x 3.3 million compounds
• 990 million drug docking computations (each one involves about 20

different computations) ⇒over 10 billion jobs

• Determining in silico essential genes in pathogens
• Single, double and triple deletion in silico mutants

• 1,000 gene models, 1M runs for double deletion mutants, 1B runs for
triple deletion mutants

• Understanding the evolution of protein families
• Searching horizontal gene transfers in early Prokayotes

• ~3000 protein families ⇒ for each one we want to build detailed gene
phylogeny and reconcile with species tree

• Thousands of phylogenies and tree reconciliations



Biology Problem Area @ 360 TF/s @1000 TF/s @ 5000 TF/s 

Determining the detailed evolutionary 

history of each protein family ! This 

will enable rational planning for 

structural biology initiatives and will 

provide a foundation for assessing 

protein function and diversity 

 

3,000 hours to build 

reference database  

300 hours to build 

reference database  

60 hours to build 

reference database  

Determining the frequency and 

detailed nature of horizontal gene 

transfers in prokaryotes ! This will 

shed light on the molecular and 

genetic mechanisms of evolution by 

means other than direct “Darwinian” 

descent and will contribute to our 

understanding of the acquisition of 

virulence and drug resistance in 

pathogens and the means by which 

prokaryotes adapt to the environment 

 

1,000 hours to study 

200 gene families 

1,000 hours to study 

2000 gene families 

1,000 hours to study 

10,000 gene families 

Automated construction of core 

metabolic models for all the 

sequenced DOE genomes ! This will 

enable dramatic acceleration of the 

promise of the GTL program and the 

use of microbial systems to address 

DOE mission needs in energy, 

environment, and science  

 

1 hour per 

organism, 100 hours 

per metagenome 

 

10 organisms per hour, 

10 hours per 

metagenome 

50 organisms per hour, 

2 hours per metagenome 

Predict essential genes for all known 

sequenced micro-organisms ! This 

will enable a broader class of genes 

and gene products to be targeted for 

potential drugs and to predict 

culturability conditions for 

environmental microbe s  

 

300 hours for 1,000 

organisms 

10 hours to predict 

culturability per 

organism 

30 hours for 1,000 

organisms, 1 hour to 

predict culturability per 

organisms 

30 hours for 5,000 orgs  

Computational screening all known 

microbial drug targets against the 

public and private databases of 

chemical compounds to identify 

potential new inhibitors and potential 

drugs ! The resulting database 

would be a major national biological 

research resource that would have 

dramatic impact on worldwide health 

research and fundamental science of 

microbiology 

 

2 M ligands per day 

per target (1 year to 

screen all microbial 

targets) 

20 M ligands per day 

per target (~1 month to 

screen all microbial 

targets) 

1 machine year to screen 

all known human drug 

targets 

 

Model and simulate the precise 

cellulose degradation and ethanol and 

butanol biosynthesis pathways at the 

protein/ligand level to identify 

opportunities for molecular 

optimization ! This would result in a 

set of model systems to be further 

developed for optimization of the 

production of biofuels 

 

Simulate in detail 

the directed 

evolution of 

individual enzymes 

Simulate the co-

evolution and 

optimzation of a 

degradation or 

biosynthesis pathway of 

up five enzymes 

Simulate the 

optimization of a 

complete cellulose to 

ethanol or butanol 

production system of 

over a dozen enzymatic 

steps 

Model and simulate the replication of 

DNA to understand the origin of and 

the repair mechanisms of genetic 

mutations ! This would result in 

dramatic progress in the fundamental 

understanding of how nature manages 

mutations, which molecular factors 

determine the broad range of 

organism susceptibility to radiation 

and other mutagens 

 

30 ns simulation of 

DNA polymerase 

10 ensembles of 

different DNA repair 

enzymes 

Complete polymerase 

mediated base pair 

addition step  

Model and simulate the process of 

DNA transcription and protein 

translation and assembly ! This 

would enable us to move forward on 

understanding post-transcription and 

post-translation modification and epi-

genetic regulation of protein synthesis 

 

Validate current 

understanding of 

ribosomal function 

 

Explore splisosome 

function and the 

evolution of intron/exon 

functions 

 

Model the complete 

coupled processes of 

DNA transcription to 

Protein translation 

including regulatory 

processes 

Model and simulate the interlinked 

metabolisms of microbial 

communities ! This project is 

relevant to understanding the 

biogeochemical cycles of extreme, 

natural and disturbed environments 

and will lead to the development of 

strategies for the production of bio-

fuels and the development of new bio-

engineered processes based on 

exploiting communities rather than 

individual organisms 

 

20 organisms in a 

linked metabolic 

network 

100 organisms in a 

linked metabolic 

network 

200 organisms in a 

linked metabolic 

network 

In silico prediction of mutations and 

activity, conformational changes, 

active site alterations   

 

One enzyme  Five-enzyme pathway Eight enzyme pathway 

optimization 

Biology Problem Area @ 360 TF/s @1000 TF/s @ 5000 TF/s 

 

Computational Biology @ petascale



Data Intensive Science: The Next Revolution
• HPC has been historically driven in part by the desire to create ever more realistic

simulations of natural and man-made systems
• These systems are driven largely by and contribute to the success of “theoretical work”
• However, the availability of of high-throughput experimental devices will generate

high-quality datasets of unprecedented scale
• Genome sequencers, gene chips, advanced detectors and imaging systems to large-scale

networks of sensors
• > Moore’s Law like improvements in data collection
• New generations of mass storage devices and the computing to integrate them
• New infrastructures, tools and techniques for data collection, archiving, integration,

annotation and discovery will be needed
• Peer-to-peer analysis and data product publishing to development of systems for

automated analysis, discovery and annotation
• Automated hypothesis creation tools for pattern detection, and capable of suggesting

relationships
• In areas like Biology this will enable a new type of “data driven” theory to make

powerful, testable predictions in areas previously impossible with analytical theory
(e.g. protein structure prediction)



Molecular Biology Laboratory-on-a-Chip
What could you do with 10,000 of these?



The Personal Laboratory



Communities and Partners
• Communities

• Computational Genomics
• NIH BRCs
• NSF Genomics
• DOE JGI
• NIH NCBI

• Infectious Disease
• NIH RCEs

• Molecular Evolution
• NSF Tree of Life

• Bioinformatics Tools
• NSF, and NIH NCRR

• Neuroscience
• NIH NIMH

• Partners
• University of Chicago
• Argonne National Laboratory
• Fellowship for Interpretation of Genomes
• Universität Bielefeld
• INRA, France
• UCSD BIRN, NBCR
• VBI, Virginia Tech
• TIGR
• GGF - Life Science WG
• IBM
• Apple



Conclusions
• Biology is well positioned to co-dominate computing

applications for the next several decades
• Biological and Biomedical applications of computing

will require dramatic increases in both capability
computing and capacity computing

• Data intensive computing is an important aspect of
biological applications and will help drive high
performance and high-function databases

• Biology and high-performance computing are well
suited for each other and IBM’s Blue Gene initiative is
aimed at this intersection of interests
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